Therapeutic mAbs engage Fc ␥ receptor III (CD16) to elicit a protective cell-mediated response and destroy the target tissue. Newer drugs designed to bind CD16a with increased affinity surprisingly also elicit protective CD16b-mediated responses. However, it is unclear why IgG binds CD16a with more than 10-fold higher affinity than CD16b even though these receptors share more than 97% identity. Here we identified one residue, Gly-129, that contributes to the greater IgG binding affinity of CD16a. The CD16b variant D129G bound IgG1 Fc with 2-fold higher affinity than CD16a and with 90-fold higher affinity than the WT. Conversely, the binding affinity of CD16a-G129D was decreased 128-fold relative to WT CD16a and comparably to that of WT CD16b. The interaction of IgG1 Fc with CD16a, but not with CD16b, is known to be sensitive to the composition of the asparagine-linked carbohydrates (N-glycans) attached to the receptor. CD16a and CD16b-D129G displaying minimally processed oligomannose N-glycans bound to IgG1 Fc with about 5.2-fold increased affinity compared with variants with highly processed complex-type N-glycans. CD16b and the CD16a-G129D variant exhibited a smaller 1.9-fold affinity increase with oligomannose N-glycans. A model of glycosylated CD16b bound to IgG1 Fc determined to 2.2 Å resolution combined with a 250-ns all-atom molecular dynamics simulation showed that the larger Asp-129 residue deformed the Fc-binding surface. These results reveal how Asp-129 in CD16b affects its binding affinity for IgG1 Fc and suggest that antibodies engineered to engage CD16b with high affinity must accommodate the Asp-129 side chain.
IgG opsonizes a previously encountered pathogen to target it for destruction by eliciting an immune response. IgG binds the target with high specificity through antigen binding fragments (Fabs) and interacts with innate immune system effector cells through the crystallizable fragment (Fc) by engaging Fc ␥ receptors (Fc␥Rs), thus bridging the adaptive and innate immune systems ( Fig. 1 ). There are three classes of cognate human Fc␥Rs: Fc␥RI (CD64), Fc␥RII (CD32), and Fc␥RIII (CD16) (1) . CD16 is of particular interest because it is the primary receptor responsible for antibody-dependent cell-mediated cytotoxicity and, thus, tumor clearance (2, 3) . Two CD16 forms, CD16a and CD16b, bind to IgG1 with surprisingly different affinities considering the high degree of structural and sequence similarity (4, 5) . In this manuscript, we probe the contribution of an amino acid residue to the different binding affinities of CD16a and CD16b.
CD16a is an integral membrane protein predominantly expressed on NK 2 cells and monocytes. CD16b is predominantly expressed with a glycosylphosphatidylinositol anchor on neutrophils, a subset of basophils and shows inducible expression on eosinophils (6 -12) ( Fig. 1 ). CD16a has two predominant alleles (V158 or F158) and CD16b has two predominant alleles, including human neutrophil antigen 1 (HNA-1 or NA1) and NA2 (13, 14) . CD16a-V158 and CD16b-NA2 share Ͼ97% sequence identity and differ by only four amino acid residues in the extracellular antibody-binding domains (Fig. 1B) . Despite the significant homology shared by CD16a and CD16b, CD16a binds antibodies more than 10-fold tighter, although it is unclear how differences in these four amino acids contribute to differences in binding affinity (5) . Only one of these four differences, at position 129, forms part of the IgG1-binding interface.
Fc␥Rs are heavily modified with asparagine-linked carbohydrates (N-glycans; for a review of N-glycosylation, see Ref. 15 ). CD16a has as many as five N-glycans, and CD16b (NA2) has as many as six, although it is not clear whether all sites are fully occupied. The N-glycan composition of CD16 appears to be varied, depending on the type of expressing cell, and it has been shown that different cells bind IgG with different affinity through CD16 (16 -19) . Three recent studies reported that the binding affinity of CD16a is influenced by receptor N-glycan composition (19 -21) . In one example, CD16a with minimally processed Man5 N-glycans bound 12-fold tighter to IgG1 Fc (G0F) than CD16a, with highly processed and elaborated complex-type N-glycans, but glycan composition only impacted CD16b affinity by less than 2-fold (examples of different N-glycoforms are shown in Fig. 2) (19, 22) . This result is surprising considering the significant homology shared by CD16a and CD16b ( Fig. 1 and Fig. S1 ). The CD16a N-glycan at position 162 mediated this effect, which, likewise, may be influenced by the nearby Gly-129 residue (20) .
The N-glycan composition of the IgG1 Fc is a well-known variable in CD16 binding affinity (3, (23) (24) (25) (26) . This property directly impacts the development of therapeutic mAbs because increasing affinity for CD16 increased therapeutic efficacy (13, 25, (27) (28) (29) . A major advance for mAb development occurred with the observation that IgG lacking a prevalent antibody modification, l-fucose attached to the core (1)GlcNAc residue of the N-glycan, increased binding affinity and antibody-dependent cell-mediated cytotoxicity (30) . This observation inspired the development of many new glycoengineered mAb therapies (31) (32) (33) (34) . Notably, CD16b demonstrated a larger enhancement in binding nonfucosylated IgG1 Fc in vitro compared with CD16a in vitro (5) . The current generation of glycoengineered antibodies is more effective at binding to CD16b on neutrophils and eliciting effector responses, showing greater therapeutic potential (35, 36) . These studies support the development of mAbs that bind CD16b with higher affinity to mobilize an effective neutrophil response. However, the development of future mAbs is limited by a lack of information regarding the detailed mechanism and identification of which residues contribute to the reduced affinity of CD16b for IgG1 Fc compared with CD16a.
A comparison of the amino acid sequences for CD16b and CD16a reveals that only one of the four differences in the antibody-binding domains, at position 129, directly contributes the interface formed with IgG1 Fc (Fig. 1B ). If Asp-129 of CD16b disrupts this interface, then CD16b D129G is expected to bind as tightly as CD16a, and CD16a G129D will bind with less affinity. Furthermore, if CD16a Gly-129 contributes to the sensitivity of affinity to receptor N-glycan composition, then CD16a G129D should no longer be sensitive to N-glycan composition. Fc␥R III/CD16 is expressed in two forms from two distinct genes. A and B, Fc␥RIIIb/CD16b is highly expressed on neutrophils, and Fc␥RIIIa/CD16a is the predominant Fc␥R expressed on NK cells. B, these proteins differ by only four amino acid residues (highlighted in yellow) in the mature proteins. The N-terminal signal peptide is indicated in red and is not found in the fully processed proteins. The C-terminal residues of CD16b shown in orange are cleaved prior to addition of the glycosylphosphatidylinositol anchor at the newly uncovered C-terminal serine. N-glycosylation sites are indicated with gray shading. Both proteins are cleaved by ADAM17 and released from the cell surface following cell activation. Resolved N-glycan residues are shown as spheres.
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In this manuscript, we evaluate how Gly-129 and Asp-129 impact the affinity of CD16 for IgG1 Fc. We also determined how these residues modulate the differential sensitivity of CD16a and CD16b to N-glycan composition.
Results

N-glycomics of the recombinant proteins
To evaluate the impact of N-glycan composition and Asp-129 versus Gly-129 on CD16 structure and IgG1 Fc binding, we expressed four CD16 variants, including CD16a, CD16a G129D, CD16b, and CD16b D129G, using two cells lines that resulted in a panel of eight receptor variants. One cell line, HEK293F, contains a large repertoire of glycan-modifying enzymes and expressed CD16 with a heterogeneous mixture of highly branched complex-type N-glycans ( Fig. 2 and Fig. S2 ). The second cell line, HEK293S, contains a defect in the GNT1 gene (37, 38) and expressed CD16 with predominantly Man5 oligomannose-type N-glycans, although small amounts of Man6, Man7, Man8, and Man9 were also present ( Fig. 2 ).
rCD16b D129G-CT binds IgG1 Fc with an affinity comparable with rCD16a-CT
WT recombinant (r)CD16a-CT bound IgG1 Fc glycoforms with affinities between 38-and 60-fold tighter than rCD16b ( Fig. 3 and Table 1 ). These values were comparable with previous results from our laboratory; however, the binding of rCD16a-CT is roughly 1.5 to 4-fold tighter (5, 20) . As predicted, rCD16a-CT bound IgG1 Fc with more than 100-fold greater affinity than rCD16a G129D-CT. The rCD16a G129D-CT variant bound with an affinity comparable with rCD16b-CT (22 mM versus 6.4 mM, respectively; Fig. 4 ). In the complementary experiment, rCD16b-D129G-CT bound at least 64-fold tighter to three IgG1 Fc N-glycoforms than rCD16b-CT. Furthermore, the affinities of rCD16a-CT and rCD16b D129G-CT were less than 3.1-fold different, confirming the importance of a Gly at position 129 in high-affinity IgG1 Fc binding. It is possible that subtle differences in N-glycan composition resulting from expression conditions, in particular the N-glycan at Asn-162, impact the measured affinity. This effect is noted for CD16b D129G-CT, which contains a larger amount of oligomannose N-glycans compared with CD16a ( Fig. S2 ).
Tighter-binding CD16 variants are sensitive to N-glycan composition
Comparing the binding affinities of the CD16 variants with different N-glycan composition provided insight into the role of Gly-129 in the higher-affinity interactions. All receptor variants bound tighter with oligomannose N-glycans; however, receptors with a Gly residue at position 129 showed an average affinity increase of 5.2 Ϯ 2.6-fold compared with 1.9 Ϯ 0.8-fold for receptors with an Asp residue at position 129 ( Table 1) .
The CD16 129 residue impacts association and dissociation of IgG1 Fc
The receptor variants that bound with lower affinity revealed very fast apparent association and dissociation kinetics using the relatively high concentrations of analytes required to reach saturation (CD16b and CD16a G129D). These rates were too rapid to accurately estimate from the surface plasmon resonance sensorgrams because binding was limited by the rate of analyte flow over the chip surface ( Fig. 3 ). Conversely, variants that bound with higher affinity showed slower observed association and dissociation rates (CD16a and CD16b D129G). These observed rates appeared to be slow because of the small amounts of receptor used for the binding measurements and are not comparable with the association rates measured for the low-affinity variants that were tested at much higher analyte concentrations and likely bind with equal or slower on rates. As a result, the associations for the high-affinity variants failed to reach equilibrium after 800 s, and only an analysis of binding kinetics provided appropriate estimates of K D (Fig. 3 and Table  2 ). Reactions that permitted K D measurement using both equilibrium and kinetic data revealed comparable results and validated the direct comparison of K D values measured from both types of data (Tables 1 and 2) .
Among the high-affinity variants, it is notable that rCD16a-CT bound to IgG1 Fc G0F and G0 with the slowest of the measured on rates (39 and 98 mM Ϫ1 s Ϫ1 , respectively, com- 
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pared with 306 -685 mM Ϫ1 s Ϫ1 ; Table 2) . Surprisingly, rCD16b D129G bound with a 3-to 8-fold faster k ON compared with rCD16a but more similar k OFF values (0.8 to 3.7-fold difference). These differences contribute to K D values that were no more than 2.1 to 2.3-fold different. This result indicates that substitution at residue 129 does not transfer the complete kinetic properties between CD16a and CD16b.
The structure of glycosylated CD16b in complex with IgG1 Fc
Three models of IgG1 Fc bound to nonglycosylated CD16b revealed the structural features of low-affinity Fc␥Rs bound to antibody (39, 40) . However, the availability of moderate resolution diffraction (3.0 -3.5 Å), moderate R free values (0.28 -0.36), and high temperature factors for the Asp-129 backbone atoms (78 -104 Å 2 ) limit the ability to formulate hypotheses regarding 
CD16b Asp-129 decreases affinity for IgG1
the position of individual atoms at the Fc-receptor interface and compare with three higher quality structures of the CD16a: IgG1 Fc complex (2.2 Å with R free values of 0.24 -0.26 (20, 41, 42) ). One feature of the higher-quality CD16a complexes is the presence of the Asn-45 and Asn-162 glycans. Multiple reports highlight the importance of these two N-glycans and the dispensability of the remaining three N-glycans to IgG1 Fc binding affinity (20, 43, 44) . To improve the crystal quality, we prepared glycosylated rCD16b-Man5 with four of the six N-glycosylation sites removed by mutating the modified Asn residue to a Gln (N38Q/N64Q/N74Q/N169Q). Indeed, this rCD16b-Man5 variant bound IgG1 Fc with 0.7-to 0.9-fold of the affinity observed using rCD16b-Man5 and indicated suitability for crystallization trials ( Table 1) .
Two crystal forms of the rCD16b-Man5-IgG1 Fc complex diffracted to high resolution. One form crystallized in the P2 1 2 1 2 1 space group and diffracted to 2.5 Å (data not shown). A second crystal in the C2 space group diffracted to 2.22 Å with high completeness (Table S1 ). The CD16a-IgG1 Fc complex provided initial phases (20) , and the iterative refinement of the higher-resolution data resulted in an R free of 0.2477 as well as a model with no Ramachandran outliers and only 1.2% of side chain rotamer outliers. As expected, the overall structure is highly similar to other CD16a and CD16b models ( Fig. 5 ). This structural model has a root mean square deviation of 0.499 Å compared with the rCD16a-Man5-IgG1 Fc complex (PDB code 5VU0 (20)) and 2.054 Å compared with a nonglycosylated rCD16b-IgG1 Fc complex (PDB code 1T89 (40)).
The Asp-129 residue of CD16b distorts the Fc-binding interface
In addition to higher-resolution data and higher refinement scores compared with previous CD16b-IgG1 Fc complexes, the model calculated from the 2.22 Å dataset provided low temperature factors for the interface residues with values for the Asp-129 backbone atoms ranging from 42 to 43 Å 2 (compared with 78 -104 Å 2 for previous CD16b models). These lower values allow comparison with CD16a models with similar quality (Fig. 5C ). Despite the high degree of amino acid similarity, the interface formed between CD16b and IgG1 Fc is smaller and involves less residues than the interface formed by CD16a (Fig.  S3 ). The buried surface area measured with this model is 860 Å 2 and comparable with previous CD16b models (PDB code 1T89, 737 Å 2 ; PDB code 1E4K, 816 Å 2 (39, 40) ). These areas are less than those measured with the CD16a-IgG1 Fc complex (PDB code 3SGJ, 1193 Å 2 ; PDB code 3AY4, 924 Å 2 ; PDB code 5VU0, 897 Å 2 (20, 41, 42) ).
Asp-129 represents the only amino acid difference between CD16b and CD16a that is found at the interface formed with IgG1 Fc. The close approach of the CD16a Gly-129 amide nitrogen to the IgG1 Fc Tyr-296 carbonyl (3.2 Å) is prevented by the CD16b Asp-129 residue, increasing this internuclear distance to 4.5 Å and distorting the CD16b backbone (Fig. 5, D and E) .
Surprisingly, it appears that this distortion is not present in the absence of IgG1 Fc; a model of unliganded CD16b reveals a backbone conformation identical to CD16a in the region of Asp-129 (Fig. 6A ). The observed conformation in the unliganded CD16b model places the Asp-129 side chain within the van der Waals radii of the IgG1 Fc Asn-297 residue. Thus, CD16b must deform to accommodate IgG1 Fc, distorting the backbone. These changes at the Fc interface potentially explain why CD16b binds IgG1 Fc weaker than CD16a.
The backbone distortion because of Asp-129 impacts the local tertiary structure, deforming the ␤ sheet and reducing the distance across the sheet by 1.2 Å compared with CD16a (as measured by the distance to Arg-155; Fig. 6, A and B) . This change impacts the conformation of the Arg-155 side chain, which forms an interface with the Asn 162 glycan (1)GlcNAc residue in the CD16a complex. In the CD16b complex, the contacts between Arg-155 and the (1)GlcNAc residue are reduced as the Arg-155 side chain shifts away from the carbohydrate (Fig. 6, C-F) . This intramolecular interface formed between the Asn-162 glycan (1)GlcNAc residue and the Arg-155 side chain may explain why the affinity of IgG1 for CD16a, but not CD16b, is sensitive to the receptor N-glycan composition ( Fig. 4 and Table 1 ).
MD simulations of the CD16b-IgG1 Fc complex
Measurements of binding affinity pinpointed the residue at position 129 as a critical difference between CD16a and CD16b. X-ray crystallography highlighted differences in the interfaces formed by these receptors and IgG1 Fc. However, these data represent a single conformational snapshot, and it remained unclear whether X-ray crystallography only captured a representative state. The N-glycosylated CD16b-IgG1 Fc complex served as a starting point for a 250-ns all-atom molecular dynamics simulation to compare with a recent 250-ns simula- 
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tion of the CD16a-IgG1 Fc complex to assess the stability of the observed interactions on this timescale (20) . Although this simulation timescale is insufficient to probe all potential conformations accessed by these proteins, it may prove to be informative regarding differences in local conformation potentially governed by low energetic barriers that would be sampled in a relatively restricted simulation. Distances separating the CD16 129 residue and the IgG1 Fc C'E loop showed values consistent with the models determined by X-ray crystallography: the CD16b Gly-129 C␣ atom was 4.6 Å from the Fc Asn-297 C␣ compared with 3.9 Å for the CD16a complex ( Fig. 6 ). Although the average distances observed with MD are slightly larger (5.0 and 4.3 Å, respectively), the differences of 0.7 Å are identical (Fig. 7) . These greater distances for CD16b separated the CD16a Gly-129 N and Fc Tyr-296 O atoms (average, 4.8 Å), which participated in an H-bond in the CD16a simulations (average, 3.0 Å). In the CD16b simulations and model determined by X-ray crystallography, this H-bond was replaced by an interaction with the CD16b Lys-128 Nz atom, which sampled distances within H-bond range in the CD16b simulation but not in the CD16a simulation (Fig. 7 , bottom panels).
Simulation likewise preserved the observed deformation of the CD16b ␤ sheet induced by Asp-129 that reduced the distance between the Arg-155 and 129 C␣ atoms by 1.2 Å com-pared with CD16a (Fig. 6, A and B) . Although the difference in averages is somewhat smaller in the simulations at 0.8 Å, the same trend is observed until the very end of the CD16b simulation ( Fig. 7) . Interestingly, CD16b drifts slightly away from IgG1 Fc in the final 30 ns of the simulation, as indicated by the increasing distances between CD16b Asp-129 and Fc residues Asn-297 and Tyr-296. At the same time, the ␤ sheet deformation also disappears, and the distance between the CD16b Arg-155 and Gly-129 C␣ atoms matches the CD16a simulation (9.6 (20)) and superimposed on the unliganded (unlig.) CD16b (PDB code 1E4J (39)), shown in gray. Note that the position of the Asp-129 side chain clashes with the IgG1 Fc C'E loop. B, glycosylated CD16b in complex with IgG1 Fc is shown in orange and superimposed on the unliganded CD16b, shown in gray. IgG1 Fc binding distorts the conformation surrounding Asp-129, shortening the distance from Asp-129 to Arg-155. C and E, two views of CD16a, with the polypeptide surface shown in gray and relevant residues as red sticks. D and F, two poses of CD16b, with the polypeptide surface shown in gray and relevant residues as orange sticks. This Asp-129 -mediated strand distortion perturbs the interface formed between the (1)GlcNAc residue of the CD16 Asn-162 glycan and Arg-155.
Å). This observation supports the conclusion that complex formation and contact with the IgG1 Fc C'E loop impinges on the CD16b Asp-129 residue.
Discussion
The data presented here demonstrate that a single amino acid residue at position 129 accounts for the major differences in binding affinity, binding kinetics, and sensitivity to receptor N-glycan composition. The presence of a Gly at CD16 residue 129 supports high-affinity IgG1 Fc binding, but an Asp residue, as found in CD16b, reduces affinity. These data are supported by binding measurements and the structural model of the N-glycosylated CD16b-IgG1 Fc complex determined by X-ray crystallography. Extensive allatom MD simulations further supported differences in the CD16 -IgG1 Fc models.
The deformation of CD16b because of Asp-129 upon complex formation with IgG1 Fc likely contributes an energetic penalty that prevents CD16b from binding as tightly as CD16a. This is evident upon examining a model of unliganded CD16b that showed indistinguishable backbone geometry compared with CD16a in complex with IgG1 Fc (Fig. 6 ). Furthermore, this deformation reduced the buried surface area formed in the complex. With these data alone, it is not possible to quantify the impact of the deformation on IgG1 Fc binding affinity because it is not clear how Asp-129 impacts conformational sampling of unliganded CD16b. Robinson et al. (46) recently noted evidence for sampled conformation differences between CD16a and CD16b and developed a CD16a-selective affimer, AfG3, that binds between the two extracellular domains to a region with conserved amino acids in CD16a and CD16b. Although the authors believe that the selectivity of AfG3 is largely due to H-bonds formed by CD16a Arg-18 (CD16b NA2 S18), it is clear that amino acid differences distant from the 
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IgG1-binding surface of CD16 can impact conformational sampling.
It is surprising that CD16a is more sensitive to N-glycan composition than CD16b and that this behavior is influenced by the residue at position 129. As stated, CD16a N-glycan composition affects affinity for binding IgG1 Fc (16, 19, 21) . The data presented here further support the recent observation that CD16a is the only Fc␥R sensitive to receptor N-glycan composition (Table 1 and Ref. 22 ). Furthermore, analysis of the CD16 amino acid variants binding to IgG1 Fc highlights the central role of CD16a Gly-129 in this unexpected behavior. The structure of glycosylated CD16b in complex with IgG1 Fc provides some insight into the mechanism underlying this phenomenon: Asp-129 deforms the CD16b ␤ sheet adjacent to the interface formed with IgG1 Fc, and this distortion perturbs contacts between the Asn-162 glycan and Arg-155 ( Fig. 6 ). Although it is unclear why CD16a with Man5 N-glycans binds tighter to IgG1 Fc than CD16a with complex-type N-glycans, the ability to increase the sensitivity of CD16b to N-glycan composition by the D129G substitution indicates that residues surrounding Gly-129 are likely involved in this phenomenon.
CD16b has received much less attention than CD16a. Although engaging CD16a is essential for the therapeutic activity of most mAbs, CD16b has emerged as an important target (35). The recent realization that targeting CD16b may improve these drugs is partially due to the roughly 50-fold higher amount of CD16b in the human body compared with CD16a. We estimate that the average person contains more than 200 g of CD16b from neutrophils in circulation compared with just 4 g of CD16a from monocytes and NK cells (2, 19, 47) . Perhaps because of this difference in abundance, mAbs that specifically target CD16b provide definite advantages. One glycoengineered anti-CD20 antibody, obinutuzumab, showed greater therapeutic efficacy than the standard anti-CD20 therapy rituximab because of higher affinity and an ability to activate neutrophils through CD16b but not CD32a (35). Another study also found that glycoengineered nonfucosylated rituximab similarly enhanced neutrophil activation through CD16b engagement (36) . These findings demonstrate that increasing the CD16b binding affinity of mAbs provides better therapeutic responses and potentially lower doses in the clinic. Our finding that Asp-129 substantially decreases rCD16b affinity for IgG1 Fc indicates that designing antibodies to accommodate the Asp-129 side chain may improve CD16b binding affinity and contribute to improved therapeutic outcomes.
Experimental procedures
Materials
All materials were purchased from Sigma-Aldrich unless noted otherwise.
Protein expression and purification
CD16a (V158) and CD16b (NA2) were previously cloned into the Not1 and EcoR1 restriction sites of the pGen2 vector (5, 48, 49) . CD16a and CD16b cloned into a pUC57 vector served as templates to generate genes encoding mutated receptors according to the QuikChange protocol (Agilent). Mutations were verified by DNA sequencing at the Iowa State Uni-versity DNA facility. Verified mutant genes were subcloned into the pGen2 plasmid using the Not1 and EcoR1 restriction enzymes (49) .
Expression and purification of CD16 with complex-type N-glycans was achieved by expression from HEK293F cells and purification as described previously (5) . CD16 with oligomannose (Man5) N-glycans was expressed using the HEK293S cell line as described previously (19) . Typical yields were ϳ0.2 mg/ml of final culture volume. IgG1 Fc used for binding analyses and single IgG1 Fc glycoforms were prepared as described previously (5) . Binding analyses for the previous report (5) and the results reported in this manuscript were collected within a few days of one another. IgG1 Fc lacking a fucose residue was used for crystallography and was prepared by expressing protein in the presence of 250 M 2-fluoro-2-deoxy fucose as described previously (5) . Glycomics analyses of PNGaseF-released N-glycans using HILIC-ESI-MS/MS were performed as described previously (19) .
Crystallization of the CD16b-IgG1 Fc complex
CD16b-N38Q/N64Q/N74Q/N169Q with Man5 N-glycans was transferred to a buffer containing 50 mM Tris, 100 mM sodium chloride, and 0.5 mM EDTA (pH 8.0). A 1:50 molar ratio (receptor:tobacco etch virus-GFP) was added, and the samples were incubated overnight in the dark at room temperature. CD16 was separated from GFP by flowing over a nickel-nitrilotriacetic acid resin (Qiagen) and concentrating the flowthrough fractions containing CD16. CD16 was exchanged into a buffer containing 20 mM MOPS and 100 mM sodium chloride (pH 7.2) with an Amicon Ultra centrifugal filter with a 10-kDa molecular weight cutoff (Merck Millipore). CD16 was then mixed with IgG1 Fc (-fucose) at a (1:1.5) molar ratio. Complex was separated from unbound IgG1 Fc by purification with an AKTA Pure chromatography system equipped with a Superdex 200 gel filtration column pre-equilibrated with a buffer containing 20 mM MOPS and 100 mM sodium chloride (pH 7.2) (GE Healthcare Bio-Sciences). Fractions containing the CD16 -Fc complex were identified by SDS-PAGE and concentrated to 12 mg/ml. Crystals in the P212121 space group were obtained using the hanging drop method with a well solution of 50 mM MES, 10% PEG3350 (w/v), and 50 mM sodium chloride (pH 6.0). Crystals in the C2 space group were obtained using the hanging drop method with a well solution of 50 mM MES, 8% PEG3350 (w/v), and 60 mM sodium chloride. All crystals were cryoprotected with 15% ethylene glycol diluted with well solution and flash-frozen in liquid nitrogen. Diffraction data were collected at 1°increments for 200 frames with an exposure time of 0.5 s on beamline 23-ID-D at the Argonne National Laboratory Advanced Photon Source with a Pilatus3 6 M detector. The software HKL-3000 was used to index, scale, and merge datasets. Initial phases were determined with molecular replacements in Phenix-Phaser MR using PDB code 5VU0 (20) . Final refinement was performed with Phenix using secondary structure restraints and noncrystallographic symmetry restraints. The structure was deposited in the PDB as 6EAQ. Measurements of interfaces and buried surface area were made using the PDBePISA utility (45) . Molecular dynamics simulations of CD16b Asp-129 decreases affinity for IgG1 the glycosylated CD16b-Fc complex were performed using Amber16 as described previously (20) .
Surface plasmon resonance binding experiments
Binding experiments were performed as described previously (5) . For interactions that reached a clear equilibrium, the intensity values of the association phase were fitted with a binding isotherm to determine a dissociation constant for the interaction. For slower interactions where a clear equilibrium was not achieved, dissociation constants were calculated using the observed on and off rates as described previously (5) . Values for Tables 1 and 2 include errors resulting from the least-squares fitting procedure.
